Introduction
Induction motor drives are widely used in industry because of their simple and robust design. To ensure their low cost operation over a long life span, in addition to increasing their reliability and efficiency, many research efforts have been dedicated to the monitoring and diagnostics of electric drives.
The demand for improving the efficiency, lifetime and condition of an electrical machine causes a rising interest in developing filter systems, which fulfill this desire [1, 2, 3] .
Nevertheless, the fast development of voltage source inverters has made high speed and multiphase drives [4] [5] [6] [7] [8] possible, but also caused the problems of common mode voltage to increase. The consequences of common mode voltage are visible in the degradation of the insulation lifetime and the worn out bearings. In order to reduce this impact, a passive LC filter was implemented. The advantages, of course, are obvious; however, such a filter causes a voltage drop as well as a phase shift of the voltage and current, which makes the parameterization of the control unit more difficult [9] - [17] .
An additional point that is imposed by the industrial restriction is the undesired application of sensors, because each added element means a higher price and greater vulnerability of the system. For this reason, interest in the problem of controlling a machine with fewer or without sensors is increasing [18] - [20] . The most popular method used to prevent and detect motor faults is the MCSA (Motor Current Signature Analysis) with mathematical techniques, e.g. Fourier [21] , [22] and Wavelet [23] , [24] transformations. By investigating the current or the resulting calculation with this variable, it is possible to diagnose the state of the machine. Following this idea, investigations of the air-gap magnetic flux density in the rotor were performed to provide an early fault diagnosis of broken rotor bars of squirrel cage motors [25] .
It was shown that motor faults are mainly classified into four sections-bearings (≈41%), stator (≈37%), rotor (≈10%) and other (≈12%) faults [26] , [27] . Inaccurate installation of the drive unit and faults caused by imprecise manufacturing processes may result in complete failure of the drive unit. An influence on this type of failure is exerted by unintentional vibrations. These disturbances have an impact on the torque of the machine and allow conclusions to be drawn about the condition of the machine.
By putting this idea into practice, this paper presents the structure of the sensorless induction motor drive, where signals and sensors of the voltage fed inverter will be exclusively used. An essential part of the proper drive operation is presented in section two, which describes the mathematical model of the system, where the filter model was taken into account to the motor model. The third section presents the control system with implementation of the multi scalar motor model. Section four, five and six present the proposed observer system with a precise torque observer, which enables a new possibility of fault detection in electrical drives with a noninvasive way. The initial functional tests of the proposed drive system were done through simulations, which are presented in section seven. Section eight presents the experimental investigations of the industry desired sensorless drive system with fault detection. The fault was introduced with an artificial unbalance of the rotor. To demonstrate the fault detection possibility accelerometers tests of the drive were compared with the estimated torque values in different drive operations.
Model of the system
The proposed control system consists of a voltage inverter, LC filter and IM -the general topology is presented in Fig. 1 . The LC filter was designed according to [10] , [15] to smooth motor supply motor voltage (THD U <5%) (Fig. 2) . The THD U is calculated as denoted in the next equation:
(1)
The model of the IM and LC filter is presented in a stationary reference frame noted as . The inverse- model (Fig. 3 ) of the IM was used due to reduction of unknown circuit parameters (ratio between stator and rotor self-inductances) [28] , [29] . 
where u s , i s ,  r denote the stator voltage, stator current and rotor flux vectors, t L -motor load torque, J M -motor inertia and L m , L  , R s , R r are the motor parameters [30] .
The LC filter  circuit is presented in Fig. 4 , and the equations of model are [9] :
Resistance of the L f inductor is omitted. R f is the damping resistor. The IM and LC filter parameters are given in Table I .
Control System
The control system consists of two parts, main and secondary. The main part is used for controlling the motor state variables, whereas the secondary (additional) part is used for LC filter control as shown in Fig. 5 .
For the motor control, the nonlinear control principle was used. The used control algorithm idea was presented first time in [49] and named as multiscalar model based control (MMB). The MMB simple concept is to control only the selected natural variables as speed, torque and flux in the way to assure the system controllability in full operation range. The MMB method is simpler to implement than field oriented control (FOC) mainly due to elimination of Park transformation. The control properties of MMB are significantly better than FOC because of elimination model nonlinearities and cross-coupling between torque and flux regulation [15, 50] . That control idea is also known as natural variable model which is described in [31] 
As was presented in [15, 49, 50] to assure the full controllability of the motor it is necessarily simultaneously control the reactive torque T r of the motor:
With the set of variables (10)- (12) the IM multiscalar model is as follows: 
The nonlinear parts appearing in (14) and (16) are compensated by control functions: 
With (18)- (21), the induction motor model is decoupled and converted into adequate model which includes two separate linear subsystems: mechanical and electromagnetic [9] , [32] , [33] :
For the LC filter control an internal multi-loop feedback controller with disturbance compensation was used [11], [12] . It is a cascade structure with inner PI and outer P controller -the classical structure used for LC filters [15] , [34] . The whole LC filter control is done in the rotating dqreference frame aligned with the position of the u s vector [9] , [15] .
As presented in Fig. 5 , the motor control as well LC filter control is based on actual values estimated in the observer system.
Observer system
The essential part of the sensorless drive is the state observer which is based on the idea of the disturbance observer given in [33] . The observer has redundant equations used for disturbances (motor EMF) estimation. The accuracy of the estimation depends on the precision of the EMF model with restriction of some calculation problems in the case of the full EMF model. So in the implemented observer the component related to the motor speed derivative was omitted, assuming that for a small enough step of observer calculation this component is close to zero. With that, the numerical problems with derivative calculations were omitted. Additionally, the LC filter model (5)- (8) was included so the basic structure from [33] was extended to include a complex control object [13] - [15] , [34] , [35] . Finally (contrary to [14] ), in this paper the coefficients in the observer equations were simplified due to the concept of the inverse- motor model instead of the previously used T model.
The complete structure of the observer is given by The motor speed is estimated as follows: (35) ˆˆr r r rr
The only possibility for sensorless drive (no sensors used on the filter output) is that the observer feedback has to be a difference between the measured and estimated inverter output current -eq. (26), (28) and (31) . Further details on initial observer system theory, tuning and stability, were presented without the LC filter in [33] and with the filter in [9] , whereas for the complex observer (e.g. motor & LC filter) details are given in [15] . This paper uses the same structure as presented earlier in [15] but with a different coefficient appearing in the observer equations. The difference arises from the use of the inverse- motor model, where total leakage inductance appears instead of separate leakage inductances for stator and motor.
Load Torque Estimation
The load torque signal could be used for diagnostic purposes [30] , [36] - [40] . Frequency analysis of this signal leads to the possibility of detecting natural frequencies related to different fault types of the mechanical system. Widely used methods are based on the measurements using accelerometers [10] , [41] - [43] . Measurement based methods are not practical for industrial applications. Therefore, there is a demand for seeking sensorless solutions based on a computation of motor torque using easily measured signals such as current, voltage or speed [44] - [47] .
In this solution, the load torque observer used is based on Gopinath's theory [37] , [48] : The solution presented in this paper was implemented in earlier authors' works for high speed train traction drives without LC filters [30] and for sensorless drive with filter [14] . In this paper the load torque observer has a simpler construction due to the inverse- motor model used. Fig. 6 presents the structure of the applied load torque observer structure.
-- Fig. 6 Structure of the applied observer. The essential task for an accurate observer operation is to choose the right observer coefficients k 1L and k 2L . A less complicated way to choose these factors is given through empirical experiments in the simulations. Fig.7 shows the behavior of the estimated load torque T L of the observer compared to the desired load torque T L * of the key values.
In the first experiment (Fig. 7 a) ) the coefficient k 2L was constant to see the influence on the changed coefficient k 1L . In contrast to the first test, the second test (Fig. 7 b) ) was done with a constant k 1L and a varied k 2L . As can be seen in Fig.7 , the best values are located inside the boundaries that have to be found with numerous tests. The two best coefficients k 1L = 1400 and k 2L = 40 were chosen for the real experiment.
Fault identification
As mentioned in the introduction, a good way to investigate fault symptoms of a drive system is the Fast Fourier Transformation (FFT), which offers an insight into the frequency components of the analyzed signal. The necessary harmonics that identify the fault symptoms were concluded from numerous comparisons of healthy and disturbed motor drives as presented in section eight. The equation (40) describes the relation of the frequencies that indicate a fault in the induction machine:
where f fault is the frequency that indicates a fault, s is the slip of the induction motor, f s is the stator frequency and k=1,2,3,… is the factor of the searched harmonics.
This knowledge makes it possible to realize an online fault detection in a relatively less complicated way and furthermore with less computing power than in other applications, as presented in [28] , [29] . Fig. 8 shows a possible method to implement online fault detection or online fault monitoring. 
Fig. 8. Algorithm of online fault monitoring
The torque that is simultaneously estimated can be used in connection with an FFT analysis to observe the relevant frequencies as described in equation (40) . A peak value that is based on the empirical values for the drive system serves as a comparative tool to identify a possible failure. In connection with a modern digital signal processor, which offers a relatively high computing power, the fault detection algorithm can be implemented without any technical expense or effort.
Simulation Investigations
At first simulation results of IM drive with LC filter were done to confirm the speed sensorless operation. Selected representative results are shown in Fig. 9 . where T e lim is the output limit of the speed controller as shown in Fig. 10 , and I s max is the safe maximum of the motor current. That condition is required in the proposed control structure (because stator current is not directly controlled) to protect the motor against overload. An example of the load torque observer results is presented in Fig. 11 . In Fig. 11 , the motor load torque step change was applied, while the motor commanded speed was kept constant. The estimated load torque L T is very close to the real torque T L . The highest error does not exceed 5% in transients when large load torque is applied. The nominal motor torque is ca. 0.65 p.u..
Experimental investigations
The investigations were done on the laboratory test bench with a 1.5 kW induction motor coupled with a dc generator. Both machines were connected to converters: an IGBT inverter and a thyristor based DC current controller. To obtain smooth motor stator voltage, a low pass filter was installed on the inverter output. The filter was designed to keep the motor voltage THD U less than 5%, with restriction of the motor supply voltage drop up to 4% of the rated one. The sensors required for closed loop drive operation are dc link voltage and two current sensors at the inverter output. The speed sensor was installed only for data acquisition and is not needed for drive operation. Furthermore, to investigate the vibrations of the system, two accelerometers were installed at the motor frame and test bench base. The whole machine systems were installed on vibroisolators. To prevent the gearing current two common mode (CM) chokes were installed. A schematic representation of the test bench is shown in Fig. 12 , while the system data are given in Table 1 . In order to ensure correct functioning of the sensorless control, a speed change test was done, as presented in Fig.  13 . The measured and the estimated signals are shown for comparison purposes. The estimated speed is calculated only by the measured dc link voltage and the current measured at the input of the LC filter. The complete system works correctly, as can be seen from Fig. 13 . More results of the sensorless system were presented in [13] , [14] , [39] , [40] .
To analyze the disturbed operation of the drive system, a fault motor state and artificial unbalance were installed on the anti drive side of the motor shaft, as illustrated in Fig. 14 . Furthermore, to refer to the physical values of the artificial generated vibrations, two accelerators were installed on the stator housing and test bench bar (for coincidence purposes). The load machine was used to simulate a stress state on the induction motor and to investigate the influence on the vibrations of this stress. To demonstrate a fault detection, in the desired industrial solution with no additional sensors, the estimated torque from the observer was investigated in regard to the occurring motor fault state. The measured signal of the vibrations and equally the calculated torque from the observer were analyzed using the Fast Fourier Transform (FFT). Because the primary upcoming frequency was in the range of 1 Hz-130 Hz, all frequency representations were scaled in to this range. The dc component of each FFT was removed. For a better comparison and for finding relations between different motor speeds, the figures are presented in a 3D-perspective. Fig. 15 and 16 present the measured vibrations of the drive system without load. The peaks of the accelerations can be found at the rotor (f r ) and stator (f s ) frequency.
Because of the number of poles p=2, the rotor rotating frequency is half of the electrical stator frequency and had the major influence on the vibrations. Furthermore harmonics such as 2 f s and the addition of rotor and stator frequency f s +f r can be found. The accelerations of the healthy drive system are relatively low, at about 3 m/s 2 compared to the maximum peak of the fault drive system at about 60 m/s2. It can be said that the magnitudes of the vibrations were, as supposed, rising with rising speed. The disturbed drive system (Fig. 16) shows a highly increased magnitude of acceleration in the vibrations. Contrary to expectations, the accelerations of the system did not increase with increasing rotor speed. The peak value of vibrations is at a rotor frequency of 25 Hz and could be explained by the installed vibroisolators, which come into resonance in this frequency range. The previous evaluation of the experiment gives a reference value to the following experiment. To determine such a fault in the drive system, the industry desires a solution with no additional components. The estimated torque will be analyzed to avoid using additional sensors. Fig. 17 shows the FFT of calculated observer torque for the healthy drive system.
The peak of the stator frequency can be recognized in each speed state. This confirms that the drive system was free of any fault symptoms. The peaks are accurate and reproducible, but other peaks that can be seen are not reproducible and can be declared as noise or disturbance of the observer. The next illustration (Fig. 18) presents the estimated torque of the observer with artificial unbalance without load. Equally to the vibrations, the highest amplitude can be found at the rotor frequency f r . These measurements verify the fault state of the drive system. The illustrations in Fig. 19 and Fig. 20 present the vibrations and the estimated torques of the drive system with artificial unbalance and loaded by the dc generator driven. The operating point of the motor In would be described as a load of 100%. Fig. 19 shows that the operation is very close to the measurements of Fig. 16 . Nevertheless, the load causes an attenuation in the acceleration of the vibrations and a decreasing of the rotor speed. The calculated torque of the observer shows correspondingly an attenuation behavior close to the measured vibrations. This comparison demonstrates that the estimated torque is a variable, which can be reliably evaluated to detect faults in an electrical machine. As a further way to prove the assumption of sensorless fault detection and moreover to investigate the impact of different observers, another observer (observer 2) was implemented. In contrast to the first observer, the filter equations in the second observer are excluded. The experiment was done by moving the measurement points (current and voltage of the inverter) directly to the induction motor. Fig. 21 and Fig. 22 present the results of the estimated torque of an observer excluding the LC filter. As shown in Fig. 21 , the behavior of the frequency analysis is comparable with the results of the first observer.
The rotor frequencies f r are not present in the healthy condition, but the stator frequencies fs result in other amplitudes. Nevertheless a further harmonic 4·f r appears in the FFT analysis and noises are damped. In conclusion, as suggested, the change of the observer causes another outcomes of the analysis. Fig. 22 . FFT analysis of the estimated torque of the drive system with artificial unbalance and observer 2 Fig. 22 shows the FFT analysis of the disturbed drive system with the second observer. It is clearly noticeable that the rotor frequencies f r appear, corresponding to the previous tests. The resonant frequency in this test is at the speed of 0.8·f s , which could be explained by a moved position of the drive system. However, this demonstrates that a disturbed operation of the drive system can be recognized by analyzing the estimated torque. Moreover, this illustrates that the parameterization and creation of the observer have an influence on the behavior of the analysis, while also allowing correct interpretation of a fault in the drive system.
Conclusion
The presented induction motor drive with voltage source inverter works properly at different operating points. Although an LC filter was used at the inverter output, it is possible to perform speed control over a wide range. A corrective action of the drive was possible after including a model of the LC filter in the observer structure and modeling control scheme.
The proposed idea of fault detection in the desired industry solution, with no additional sensors, detects load torque oscillations, which are caused by different defects in the mechanical load of the motor drive. Based on this, a sensor saving would result in an improvement of the economy and reliability of the complete drive system.
Furthermore the analysis of the load torque opens a further way to diagnose the condition of the mechanical drive part. The use of this additional component can improve the precision of fault detection or offer a further method for monitoring drive systems. 
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